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Identification of the Minimal Copper(ll)-Binding o-Synuclein Sequence
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Parkinson’s disease has been long linked to environmental factors, such as transition metals and recently to o-synuclein, a
presynaptic protein. Using tryptophan-containing peptides, we identified the minimal Cu(ll)-binding sequence to be within the
first four residues, MDV(F/W), anchored by the a-amino terminus. In addition, mutant peptide 1—10 (Lys — Arg) verified
that neither Lys6 nor Lys10 are necessary for Cu(ll) binding. Interestingly, Trp4 excited-state decay kinetics measured for
peptides and proteins reveal two quenching modes, possibly arising from two distinct Cu(Il)—polypeptide structures.

Introduction

Parkinson’s disease (PD) is the most common neurode-
generative movement disorder, characterized by selective loss
of dopaminergic neurons in the substantia nigra pars
compacta."~* Often considered a protein conformational
disorder, PD is distinguished histopathologically by an
increase in intraneuronal inclusions of amyloid fibrils en-
riched in a-synuclein (a-syn), a small (~14 kD) presynaptic
protein of ill-defined function.*> Although unstructured in
solution, it is a “protein chameleon”® due to its ability to
adopt both a helical and f-sheet conformation in the mem-
brane-associated and disease states, respectively. Thus, there
has been considerable interest in studying a-syn conforma-
tions and dynamics.””'® Remarkably, aggregation and accu-
mulation of abnormally misfolded protein deposits are found
in other neurodegenerative ailments such as Alzheimer’s
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disease,'! amyotrog;hic lateral sclerosis,
encephalopathies.'

Much research effort has been focused on the pathogenic
mechanism of redox-active metals'®!'” and, in particular, the
copper-binding properties of o-syn.'® 2! Specific copper—
protein chemistry also has been implicated in other amyloido-
genic }golg/%)eptides such as the Alzheimer’s AS peptide,”> 2’
prion,*®** and superoxide dismutase.'*** The relevance of
transition metals in PD is bolstered by epidemiological studies
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correlating chronic environmental exposure to copper, iron, or
manganese.>* Furthermore, Cu(II) has been shown to stimu-
late a-syn fibrillation under a wide range of concentrations in
vitro.'®*> Molecular triggers of a-syn aggregation such as
environmental factors that promote oxidative stress and
aberrant redox-active metal chemistry are therefore of great
importance.

Numerous studies on the copper-binding properties of o-
syn have reported specific metal—protein interactions and
have provided insights into the nature of metal coordination
chemistry.'® 2% Through the use of NMR spectroscopy,
His50 was initially identified as a primary ligand, along with
the participation of residues near the vicinity of 3—9.%°
Subsequent work, however, suggests that His50 is not neces-
sary for Cu(II) bindin$ and likely is involved in an indepen-
dent bindingsite.'®'**' Additionally, this N-terminal site has
been postulated to contain both N and O ligands involving
the a-amino group of Metl (NH,), deprotonated amides
(N7), the carboxylate side chain of Asp2 (8-COO™), and
water (H,0).'”?"°6 Nevertheless, detailed electron paramag-
netic resonance analyses propose that there are two N-
terminal binding modes, one with and one without His50
coordination,? consistent with previous models from poten-
tiometric measurements on synthetic mutant peptides.®’ In
contrast, recent results from isothermal titration calorimetry
and six synthetic 25-amino-acid fragments spanning the full
length of the protein dispute the involvement of the N
terminus; only peptides corresponding to sequences 46—70
and 116—140 bound Cu(II) with measurable affinity.>® This
observation is particularly perplexing since all available data
point to the participation of the N-terminal region. Notably,
potentiometric measurements showed that isolated residues
1—17 were capable of binding Cu(II). A clear consensus has
yet to emerge regarding the exact nature of Cu(II) binding in
o-syn, particularly on the role of His50 and whether it is a
ligand in one or multiple sites.*

In our prior efforts, we have exploited a fluorescent amino
acid, Trp, as a site-specific probe of Cu(II)—protein interac-
tion. In particular, we found that Trp4 is the most responsive
reporter of Cu(Il), indicating a high-affinity N-terminal site
with an apparent dissociation constant (Kqepp) ~ 100 nM,
pH 7)." We also demonstrated that the substitution of His50
with a Ser residue has little effect on the Cu(II) affinity of the
protein. Here, we sought to identify the minimal amino acid
sequence necessary to preserve Cu(Il) affinity by employing a
series of synthetic Trp-containing a-syn peptides: o-syn;—_pg
(MDVWMKGLSL), a-syn;_4(MDVWMK), and a-syn;_4
(MDVW). We examined the roles of specific amine ligands
(NH; (a-amino terminus) and e-NH, (Lys 6 and Lys10)). We
also broadened the scope of our study to determine the effects
of solution pH on Cu(Il) binding and Cu(Il)—a-syn con-
formational heterogeneity.
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Experimental Section

Materials. Copper(II) sulfate pentahydrate (99.999%), N-
acetyl-tryptophanamide, 2-(N-morpholino)ethanesulfonic acid
(MES, BioUltra, >99.5%), and 3-(N-morpholino)propane-
sulfonic acid (MOPS, SigmaUltra, >99.5%) were purchased
from Sigma-Aldrich (St. Louis, MO) and used without further
purification. All peptides (95% purity) were purchased from
Anaspec, Inc. (San Jose, CA) and used as received.

Protein Expression and Purification. The wild-type human a-
syn expression plasmid (pRK172) was provided by M. Goedert
(Medical Council Research Laboratory of Molecular Biology,
Cambridge, U.K.).*> Recombinant o-syn was expressed and
purified according to published procedures.'® Protein concen-
trations were determined using a molar extinction coeffi-
cient estimated on the basis of amino acid content: 39 nm =
10810 M~ 'em ™! (F4W and F4W/H50S). Because o-synuclein is
unstructured in solution, it is extremely difficult to assess any
direct mutational effects on the protein. However, since the
protein is found to be associated with synaptic vesicles in vivo,
we have demonstrated that the F4W mutation does not perturb
the protein’s affinity for membrane mimics (micelles and
vesicles). The purity of all protein samples was assessed by
SDS-PAGE on a Pharmacia Phastsystem (Amersham
Biosciences) visualized by silver-staining methods. The protein
molecular weights were confirmed by electrospray ionization
mass spectrometry (ESI-MS). Absorption spectra were mea-
sured ona CARY 300 Bio UV—vis spectrophotometer (Varian).
Buffer solutions were filtered (0.22 um) to remove any particu-
late matter. All purified proteins were concentrated using
Centriprep YM-3 (MWCO 3 kD; Millipore), stored at —80 °C,
and filtered through Microcon YM-100 (MWCO 100 kD;
Millipore) spin filter units to remove any oligomeric material
prior to experiments.

Copper(II) Titrations. Copper(Il) concentrations were deter-
mined spectrophotometrically (gg33 nm = 11 M~ cm ™). Prior
to experiments, all protein samples were exchanged into the
appropriate buffer (20 mM MES (pH 5—6) or MOPS (pH 7)
with 100 mM NacCl) using gel filtration chromatography (PD-10
column, GE Healthcare). Stock peptide solutions were gravi-
metrically prepared, dissolved in Milli-Q water, and then diluted
with the appropriate buffer to achieve final working solutions
(0.5—1 uM). All titrations were performed on deoxygenated
samples (vide infra) to minimize deleterious metal—oxygen
chemistry and photobleaching. Tryptophan was excited at 295
nm, and fluorescence was monitored from 300 to 500 nm
(Fluorolog-3 spectrofluorimeter, HORIBA Jobin Yvon Inc.).
All experiments were conducted at 25 °C using a temperature-
controlled cuvette holder. Integrated Trp emission intensity was
determined (336—400 nm) from a background-subtracted spec-
trum and normalized to initial (no Cu(Il)) fluorescence. A model
fluorophore, N-acetyl-tryptophanamide, was used to ensure
that there was no deleterious photochemistry in the presence
of Cu(Il). A strong chelator, EDTA, also was used to check for
fluorescence reversibility in the proteins after Cu(Il) titrations
(typically >85% recovery).

pH Dependence of Copper(II) Binding. Protein samples (1 #«M)
were prepared in a buffer (20 mM MOPS, 100 mM NacCl, pH 7)
to a final volume of 20 mL, deoxygenated through repeated
vacuum/Ar-refill cycles on a Schlenk line, and maintained
continuously under an Ar atmosphere in a three-neck round-
bottom flask. One equivalent of Cu(Il) was added (8.9 uL of
2.25 mM Cu(Il) stock) and allowed to equilibrate for 15 min
with gentle stirring; the pH of the solution was then sequentially
adjusted with HCl (2 L additions of 5.8 or 11.6 M HCI, pH
7—5) and monitored by an Orion 9802BN Micro pH elec-
trode (Thermo Scientific). Aliquots (1.5 mL) were removed for
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fluorescence measurements. To ensure reversibility, we also
reproduced the titration from pH 5 to 7 on the same sample
(adjusting pH with 2 4L additions of 2.5 or 5 M NaOH). We did
not account for any dilution factors since volume changes were
insignificant (<0.11%).

Time-Resolved Fluorescence Measurements. Tryptophan
fluorescence decay kinetics at varying concentrations of Cu(II)
were measured by using the fourth harmonic (293 nm) of a
regeneratively amplified femtosecond Ti:sapphire (Clark-
MXR) pumped optical parametric amplifier laser (Light Con-
version) as an excitation source, and a picosecond streak camera
(Hamamatsu C5680) was used in the photon-counting mode for
detection. Tryptophan emission was selected using the combi-
nation of an edge (REF-325) and a short-pass (UG-11) filter
(CVI Laser) (325 < Aops <400 nm). Protein and peptide samples
(1 uM) were deoxygenated by repeated evacuation/Ar-fill cycles
on a Schlenk line. All experiments were conducted at 25 °C using
a temperature-controlled cuvette holder.

Data Analysis. Trp Fluorescence Decays. Measured Trp
fluorescence kinetics were logarithmically compressed (100
points per time decade) and normalized (/(r = 0) = 1). We
have fit the kinetics data using a MATLAB (The Math Works,
Inc.) algorithm (LSQNONNEG; hereafter referred to as
NNLS) that minimizes the sum of the squared deviations (y%)
between observed and calculated values of 1(¢), subject to a non-
negativity constraint on the probability distribution of rates
constants, P(k). NNLS fitting produces the narrowest P(k)
distributions.® Average Trp excited state lifetimes ((z)) were
calculated by two methods: integrating over the normalized
decay curves ([ I(t)/I( = 0)) or summing rate constants
extracted from NNLS fits (3", P(k)/k).

Copper(Il) Binding Curves. Estimations of apparent dissocia-
tion constants (Kqcpp)) Were extracted as previously described
for a simple two-state model:

[P][Cu]

PCu=P+Cu K =
u= Pt Raam) = Tpey)
where P = free a-syn, Cu = free copper, PCu = 1:1 complex of
copper and o-syn. The total steady-state Trp fluorescence
quenching data were fit according to the following equation:

I(Cu)

I{Cuy) — 17O

%([P]o + [CU]O + Kd(App)) - % \/([P]o + [Cu}o + Kd(App))2 —4[P}0[Cu]0
[Pl

where /(Cu) is the measured fluorescence intensity in the pre-
sence of Cu, I(Cuy) is the measured fluorescence intensity for the
free protein, and o is the relative fluorescence intensity of PCu.
Data fittings were performed using IGOR Pro 6.01 (Wave-
metrics).

pH Titration Curves. Estimations of apparent pK, values and
the number of protons involved in the process, n, were extracted
from fits to the Henderson—Hasselbalch equation:

(1

;1 o + ]pHS]OH(pKa —pH))

1+ 10"(PK. —pH)

where 7 is the measured fluorescence intensity in the presence of
Cuata given pH, I, is the relative fluorescence intensity at pH
7, and I,y is the relative fluorescence intensity at pH 5. Data
fittings were performed using IGOR Pro 6.01 (Wavemetrics).

Results and Discussion

Minimal Cu(Il)-Binding o-Synuclein Sequence. We
sought to identify the minimal N-terminal sequence that
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Figure 1. Comparison of Cu(Il)-binding-induced tryptophan fluores-
cence quenching of synthetic peptides and full-length o-syn variants.
Tryptophan fluorescence quenching was not observed when the a-amino
termini of the peptides were acetylated ([peptide/protein] = 1.0 + 0.2 uM
in deoxygenated 20 mM MOPS, 100 mM NaCl, pH 7.0 buffer). All
C-termini in the peptides are amidated (denoted as —NH,).

is capable of retaining affinity for Cu(Il) ions (as pre-
viously characterized in the full-length F4W and F4W/
H50S protein) by employing a series of synthetic o-syn
peptides (a-syn;_jo, a-syn;_g, a-syn;_4; Figure 1). All
peptides contain a tryptophan substitution at position 4
(F—W) as a fluorescent probe and an amidated C termi-
nus to avoid the coordination of the C-terminal carbox-
ylate. Upon the addition of Cu(Il) (5 nM to 6 uM in
20 mM MOPS, 100 mM NaCl, pH 7, 25 °C), tryptophan
fluorescence ([peptide] = 1.0 £ 0.2 uM) is dramatically
quenched, attributable to direct Cu(Il)—peptide interac-
tions. Surprisingly, the removal of more than 130 residues
has relatively little effect on metal—protein interactions;
the titration curves for the three peptides and proteins are
nearly indistinguishable. Indeed, our data strongly indi-
cate that only the first four residues are essential to
preserve Cu(Il) affinity, and we also note that o-syn;_4
may have a slightly increased affinity (<5% more Trp
quenching is observed at >2 equiv of Cu(Il)). These
results clearly support our initial proposal that His50 is
not required for N-terminal Cu(Il) binding. Further-
more, our data indicate that even if His50 does interact
with the copper center, it would contribute minimally to
the stability of the metal—protein complex because the
copper is chelated by the N-terminus and backbone
amides.

Titration curves were measured at higher peptide con-
centrations (5—25 uM) to evaluate binding stoichiome-
try; nearly identical behaviors were obtained for all three
model peptides reaching saturation, ~1:1 protein/Cu
complex (Figure S1, Supporting Information). In addi-
tion, titrations performed under different solution pH
conditions for a-syn;_q are indistinguishable from that
of the proteins (vide infra, Figure S2, Supporting In-
formation). Taken together, these data provide evidence
that this N-terminal 1—4 peptide could serve as a minimal
model to provide structural insights into the Cu(I)—
a-syn complex.

Roles of Specific Amine Ligands. We further evaluated
the roles of specific amine ligands: Lys at positions 6 and
10 as well as the o-amino terminus. Consistent with our
hypothesis that the essential ligands for Cu(II) reside in
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Figure 2. Trp4 fluorescence intensity of Lys-substituted (Lys — Arg) a-
synuclein peptides as a function of added Cu(Il). [peptide] = 0.5 uM in
deoxygenated 20 mM MOPS, 100 mM NaCl, pH 7 buffer.

the first four residues, binding curves for mutant pep-
tides containing Arg substitutions (a-synj_joxer, O-
SYN|—10K10R> and a-Syn1710K6RK10R) are nearly identical
to those of a-syn;_jg, ruling out the binding of Lys6
or Lys10 (Figure 2). To assess the participation of the
o-amino moiety, the N-terminus was acetylated on
all peptides. This modification completely disrupts
Cu(Il) coordination and assigns the o-amino group
as the critical ligand (Figure 1). Our results provide
direct evidence that, for a-syn, a free N-terminal NH,
is required for Cu(Il) binding. The finding that the
a-amino terminus is crucial for Cu(Il) binding in o-syn
leads us to suggest a known motif in Cu(I)—polypeptide
interactions: Cu(Il) is anchored by the free amino-
terminal nitrogen and chelates to adjacent backbone
amides.*' * Our data indicate that, through post-trans-
lational modification of the N terminus, copper—protein
chemistry could be modulated in vivo. Recent studies
have provided evidence for considerable a-amino term-
inal acetylation (to what extent remains unclear) in o.-syn
extracted from different cellular sources.***° It is there-
fore difficult to assess the significance of N-terminal-
Cu(II) binding in the o-syn function and its associated
disease state.

pH Titrations of Cu(II)—F4W and Cu(Il)—F4W/H50S
a-Synucleins. To gain further insights into Cu(II) binding
to a-syn, we turned to the full-length proteins and exam-
ined the effects of solution pH on Cu(Il)—a-syn
(Figure 3). At pH 7, Trp4 emission decreases upon the
addition of 1 equiv of Cu(II) (60% quenching at [o-syn] =
[Cu(Il)] = 1 uM in 20 mM MOPS, 100 mM NacCl, 25 °C),
confirming direct metal interaction in both FAW and
FAW/HS0S proteins. Upon acidification, Trp4 fluores-
cence intensity of both proteins begins to recover, with an
apparent transition midpoint at pH 5.8, and at pH 5,
nearly all of the bound Cu(II) ions are released, in accord
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(42) Rozga, M.; Sokolowska, M.; Protas, A. M.; Bal, W. J. Biol. Inorg.
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Figure 3. Comparison of Trp4 fluorescence intensity of Cu(Il)—F4W
and Cu(I1)-F4W/H50S a-syn ([a-syn] = [Cu(I])] = 1 uM) as a function
of pH in deoxygenated 20 mM MOPS, 100 mM NaCl buffer. Error bars
represent standard deviations. Fits are shown as solid lines. (Inset)
Representative Trp fluorescence data (buffer background has been sub-
tracted).

with a model in which at least one of the ligands contains
an ionizable group.

Notably, the titration curves are very similar for the
two variants, completely reversible and independent of
initial pH and thus revealing that His50 has negligible
effects on the pH dependence of Cu(II) binding. Using the
Henderson—Hasselbalch equation, we can fit the titra-
tion curves to obtain the apparent pK, (thisis an apparent
pK, because it involves coupled equilibria of deprotona-
tion and metal binding) and the number of protons, n,
involved in the process (F4W: pK, = 5.8(2), n = 1.6(5);
FAW/HS0S: pK, = 5.9(1),n = 1.7(5)). Because our Trp4
fluorescence quenching is due to its close proximity to
bound Cu(II), these values likely reflect two nearby ligand
protonations. Indeed, pH titrations are fully reproduced
for the a-syn;_4 peptide (data not shown). In particular,
these numbers are consistent with deprotonation con-
stants reported for amine and amide 7protons (pK, value
~4.4—6.0) for a-syn fragments.***” Another possible
candidate is the carboxylate side chain of Asp2.

To ensure that this observation is independent of Cu-
(IT)/protein stoichiometry, we also performed complete
Cu(ID) titrations (50 nM—1 mM Cu(II)) at selected pH
solution conditions (pH 5—7) and obtained similar results
for both proteins (Figure S2, Supporting Information).
As anticipated, the binding affinity is reduced substan-
tially at lower pH (Kq(app) increases by 2 orders of magni-
tude from ~200 nM (pH 7) to 20 uM (pH 5)), correspond-
ing to competition between protonation and metal
coordination (Table 1).

Cu(II)—a-Synuclein Conformational Heterogeneity Re-
vealed by Time-Resolved Trp Fluorescence. From our
prior time-resolved fluorescence measurements at neutral
pH, we observed the presence of two quenching modes
reflecting Cu(II)—a-syn conformational heterogeneity.'’
In order to investigate whether or not these quenching
modes could represent different ionizable ligands, we
examined the Trp excited-state decay kinetics under
acidic solution conditions (20 mM MES, 100 mM NacCl,
pH 5). We find that the presence of both static- and
dynamic-quenching modes is unaffected by solu-
tion pH: upon the addition of Cu(ll) ions, the average
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Table 1. Apparent Dissociation Constants (Kq(pp) for Cu(Il) Binding to a-
Synuclein Variants

Kogapp) (uM)*
pH? F4W F4W/H50S syn;_1o
5.0 1744 17£5 1942
5.5 2.0+0.1 34408 2.440.1
5.8 0.8 +£0.1 0.9+0.2 0.7+0.1
6.0 0.5+0.2 0.94+0.2 0.440.1
7.0¢ 0.2+0.2 02+0.2 02+0.2

“The Ky(app) values are obtained from fits of tryptophan fluorescence
data shown for the full-length variants (Figure S2, Supporting In-
formation) using a single binding site model (syn—Cu— syn + Cu. ” All
buffers were filtered through a 0.22 yum membrane. Twenty millimolar
MES and MOPS buffers containing 100 mM NaCl were used for
pH 5—6 and pH 7, respectively. “Reliable Ky(pp) values cannot be
extracted because the protein/peptide concentrations used in these
experiments (1 uM) are 10-fold greater than Kyepp).-
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Figure 4. Average Trp4 fluorescence lifetimes (top) and fraction of
static quenching (bottom) extracted from NNLS analyses of F4W (M)
and F4AW/H50S (@) o-synuclein variants ([protein] = 1 #M) as functions
of added Cu(Il) in deoxygenated 20 mM MES, 100 mM NacCl, pH 5
buffer. Fits to a single binding site model are shown as solid lines.

tryptophan lifetime shortens ((T)nocu ~2.5 08; {T)100umcCu
~1.1 ns), accounting only for ~80% reduction in the
measured fluorescence intensity (Figure 4). Interestingly,
differences emerge between titration curves extracted
from the two quenching modes. For the static-quenching
fraction, the midpoint transition is shifted to a lower
Cu(Il) concentration, revealing tighter Cu(II)—protein
interactions (Kgwuppy(static), ~7(3) uM; Kqapp)(dynamic),
~63(4) uM). This deviation between the two populations
also is observed at pH 7; there is greater uncertainty
associated with the static component at pH 7, so we
cannot reliably determine its dissociation constant
(Figure S3, Supporting Information). Notably, the rela-
tive populations of dynamic versus static quenching
remain unperturbed by solution pH, suggesting that the
photophysical behavior of Trp4 is not sensitive to ligand
protonation events.

We attribute the Trp fluorescence quenching by Cu(Il)
to electron-transfer processes involving the metal ion and
the singlet-excited state. The dual quenching modes could
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then arise from two distinct Cu(Il)—protein structures,
one in which Trp4 and Cu(II) are within static-quenching
distance and the other where Trp4 is sufficiently close to
Cu(II) to make contact during the ~3-ns excited-singlet
lifetime. Because of this relatively short lifetime, Trp must
be in close proximity to the metal ion.'” The static-
quenching population may be due to the formation of a
nonluminescent ground state via outersphere association
of Trp with the Cu(II)—protein complex, reminiscent of
the Cu(Il) site in the octarepeat domain of the prion
peptide.*®  Alternatively, the complex fluorescence
quenching behavior may reflect the broad distribution
of Trp4—Cu(II) distances in a structurally heterogeneous
polypeptide. Nonetheless, our data reveal the presence of
at least two N-terminal binding modes (conformations)
that are not affected by the presence of His50. Trypto-
phan excited-state decay kinetics measured for all pep-
tides at pH 7 retain comparable fractions of static and
dynamic quenching as the proteins; it is clear that local
polypeptide structure dictates Trp4 fluorescence proper-
ties (Figure S3, Supporting Information).

Conclusions

Our data clearly demonstrate that Trp fluorescence is a
sensitive molecular probe of Cu(Il) and N-terminal o-syn
interactions. Using site-directed mutagenesis and synthetic
peptides, we show that His50 has little or no contribution to
the formation of the high-affinity Cu(II) coordination com-
plex. Specifically, we identify the first four residues, MDV(F/
W), as the essential binding site, anchored by the a-amino
terminus. This peptide binds Cu(II) with a submicromolar
dissociation constant comparable to the full-length protein.
These experiments do not completely preclude the possibility
of Cu(II)—His50 interaction (the unstructured nature of o-
syn allows for long-range interactions) but rather highlight
that it is not required for the N-terminal site that we have
characterized. Nevertheless, elucidating the nature of Cu—
o-synuclein interactions in the presence of other biomole-
cules, for example, phospholipid bilayers, is necessary in
defining the role of metal ions in PD, as well as other
synucleinopathies.
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